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In order to obtain a better understanding of impurity transport in magnetically confined plasmas, a Tracer-
Encapsulated Soild PELlet (TESPEL) has been developed. The essential points of the TESPEL are as follows:
the TESPEL has a double-layered structure, and a tracer impurity, the amount of which can be known precisely, is
embedded as an inner core. This structure enables us to deposit the tracer impurity locally inside the plasma. From
experiences of developing the TESPEL production technique and its injection experiments, it became clear that
various plasma properties can be studied by the TESPEL injection. There are not only impurity transport in the
plasma but also transport both outside and inside of the magnetic island O-point, heat transport and high-energy
neutral particle flux. Therefore, the TESPEL injection has a favorable multi-functional diagnostic capability.
Furthermore a Tracer-Encapsulated Cryogenic PELlet (TECPEL) has been also developed. The TECPEL has an
advantage over the TESPEL in terms of no existence of carbons in the outer layer. The TECPEL injector was
installed at LHD in December 2005, and the preliminary injection experiments have been carried out.
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1. Introduction
In recent years, steady progress has been made in the
study of magnetically confined plasmas for establishing a
cost-eﬀective fusion reactor. However, the physical mech-
anism of the particle and heat transport in the plasma has
not yet been fully clarified, especially regarding the impu-
rity transport. The reason for the lack of understanding of
the impurity transport is mainly due to the disadvantage
of the conventional methods using impurity pellet injec-
tion [1] or laser blow-oﬀ technique [2]. These methods are
diﬃcult to measure the local properties, because of a broad
source profile of the injected impurity and the unclarity
of the total amount of the injected impurity. In order
to overcome these problems and establish the local mea-
surement of the impurity transport, a Tracer-Encapsulated
Soild PELlet (TESPEL) [3, 4] has been developed. The
TESPEL injection experiments have been performed dili-
gently in the Large Helical Device (LHD) , which has
a heliotron type magnetic configuration [5]. Typical ex-
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perimental conditions are as follows; major radius at the
magnetic axis, Rax = 3.6 m, an averaged plasma minor ra-
dius ap = 0.64 m (the resulting plasma volume is 30 m3),
toroidal magnetic field strength BT = 2.75 T. From the ex-
periences of developing the TESPEL production technique
and its injection experiments, it became clear that various
plasma properties can be studied with the TESPEL injec-
tion. These are not only impurity transport in the plasma,
but also transport both outside and inside of the magnetic
island O-point, heat transport and high-energy neutral par-
ticle flux. This is essentially owing to a flexibility of pellet
size and a wide range of tracer material choice according
to the experimental purpose. In this paper, experimental
results, which are obtained with the TESPEL injection, are
mainly reviewed, focusing on recent results. The TESPEL
itself is briefly explained in Section 2.
c© 2007 The Japan Society of Plasma
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Fig. 1 CCD images of the ablating TESPEL through a Li I filter
(λ = 671.3 nm, δλ = 3.6 nm) in the case (a) without LiH
tracer particles and (b) with those (from figure 4 in [7]).
2. Tracer-Encapsulated Solid Pellet
(TESPEL)
A TESPEL consists of polystyrene (-CH(C6H5)CH2-)
polymer [6] as an outer shell, the diameter of which ranges
from 400 µm to 900 µm, and tracer particles as an inner
core. Owing to its structure, the tracer particles encap-
sulated in the TESPEL can be deposited locally in the
plasma, which can be confirmed by a CCD camera mea-
surement as shown in Fig. 1 [7]. In the case of Fig. 1(b), the
deposition width of a lithium hydride (LiH) tracer is about
3 cm, which is in good agreement with the result of another
optical measurement. The deposited amount of the tracer
impurity in the plasma can be known precisely during the
TESPEL production procedure. One can choose a tracer
material among a wide range of solid materials (available
even in the form of powder).
3. Impurity Transport Study with the
TESPEL Injection
Titanium (Ti) impurity transport in the plasma has
been studied by measuring temporal evolutions of emis-
sion lines from the highly ionized Ti tracer impurity with
a soft X-ray pulse height analyzer and a vacuum ultravi-
olet spectrometer, respectively [8]. In order to estimate
transport coeﬃcients, such as diﬀusion coeﬃcient D, con-
vective velocity V , a time-dependent MIST code [9] and a
collisional-radiative atomic physics model have been used.
When the electron density in the target plasma is increased
from the value of 1.8 × 1019 m−3 to that of 3.5 × 1019 m−3,
the D decreases from 0.1 m2/s to 0.06 m2/s and an inward
convection velocity arises (0.8 m/s at the plasma edge).
This indicates that the Ti impurities are accumulated in the
core plasma under the higher electron density. It is impor-
tant to study how to avoid such an impurity accumulation
in the core plasma in terms of preventing the occurrence
of a radiative collapse. In order to explore the possibility
of preventing the impurity accumulation by an additional
heating, the eﬀect of electron cyclotron heating (ECH) on
the impurity transport is also being studied.
So far, even for the stellarator plasmas, the impurity
transport code originally developed for the tokamak con-
figuration (e.g. MIST and STRAHL [10]), has been used to
evaluate the transport coeﬃcients. In order to improve this
situation, a Heliotron-compatible impurity transport code
STRAHL has been developed under the collaboration be-
tween National Institute for Fusion Science in Japan and
Max-Planck Institut fu¨r Plasmaphysik in Germany. In or-
der to convert the original STRAHL code into a Heliotron-
compatible one, a neoclassical transport coeﬃcients solver
corresponding to LHD, an ambipolar radial electric field
solver and LHD Magnetic configuration metrics are in-
corporated. Evaluation of impurity transport coeﬃcients
for signals obtained by the TESPEL experiments using the
Heliotron-compatible STRAHL code is in progress now.
4. Transport both Outside and Inside
of a Magnetic Island O-point
A magnetic island, which is formed due to distortion
of magnetic surfaces, could aﬀect the transport of heat and
particle. The LHD experiment shows, indeed, the heat
transport inside the magnetic island O-point is smaller by
one order of magnitude than that outside the island O-
point [11]. Owing to the feature of the TESPEL, the tracer
impurity can be deposited inside the magnetic island O-
point by the TESPEL injection [12]. Thus the impurity
transport both outside and inside of the island O-point can
be studied by observing a radiation from the ionized tracer.
Under the present situation, a tomography image based on
signals from absolute extreme ultraviolet photodiode (AX-
UVD) arrays viewed on the semi-tangential plane of LHD
can provide us with information on the dynamic behavior
of the tracer deposited in the island O-point. The tomog-
raphy image in the case with the tracer deposited in the
island O-point indicates that the radiation region, which
corresponds to the tracer ablation position, diﬀuses more
slowly compared to that in the case with the tracer de-
posited outside the island O-point. Thus this experimental
result suggests that the magnetic island O-point has a good
confinement property for particles.
5. Heat Transport Change due to the
TESPEL Injection
When the TESPEL is injected into the LHD plasmas,
the edge region of the LHD plasmas is abruptly cooled and
the resulting cold pulse (negative electron temperature per-
turbation) propagates from the edge to the core. A tran-
sient transport analysis on the cold pulse propagation in
the plasma allows us to obtain transient properties of the
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Fig. 2 Temporal evolution of electron temperature measured
(solid lines) with the ECE radiometer at diﬀerent nor-
malized minor radii. The electron temperature simulated
based on a simple diﬀusion model (broken lines) is also
plotted. The TESPEL injection time is indicated as the
vertical dashed line (from figure 1(c) in [14]).
heat transport [13]. The surprising result in the cold pulse
experiment on LHD is that the core electron temperature is
abruptly increased in response to the edge cooling induced
by the TESPEL injection, as seen in Fig. 2 [14]. During the
rising phase of the core electron temperature, no significant
change in the low-m magnetohydrodynamics modes is ob-
served and no density peaking takes place. The transient
transport analysis indicates the heat transport in the core
plasma is abruptly improved without changing local pa-
rameters in the region of interest. Thus this phenomenon
can be regarded as a so-called nonlocal electron tempera-
ture rise observed in many tokamaks (e.g. [15]). Although
the physical mechanism, which determines the fast change
of heat transport, remains to be clarified, the nonlocal elec-
tron temperature rise in response to the edge cooling on
LHD clearly shows that the TESPEL injection is a power-
ful probe for the dynamics of the heat transport.
6. High-Energy Neutral Particle Mea-
surement with Pellet Charge Ex-
change Method
It is one of the advantages in Pellet Charge eXchange
(PCX) diagnostic to obtain a radial information of the high
energy particles. Since a neutral particle analyzer (NPA)
for the measurement of charge exchange neutral particles
is installed just behind the TESPEL trajectory as shown in
Fig. 3 (a), the time trace of the NPA signal can be trans-
Fig. 3 (a) Schematic layout of PCX diagnostic on LHD. The
contour plot for the high-energy particle flux measured
with the CNPA in the case of (b) ICH oﬀ-axis heating
mode (from figure 4 in [16]) and (c) ICH on-axis heating
mode.
ferred to the radially-resolved information [16, 17]. The
flux of the neutral particles entering the NPA is the multi-
plication of an emitted neutral flux from the TESPEL ab-
lation cloud, a solid angle of viewing area and an atten-
uation factor through the plasma. Here the emitted neu-
tral flux is the multiplication of a pellet cloud density, a
fast ion distribution function and a neutralization factor.
It is used for the NPA a compact neutral particle ana-
lyzer (CNPA, 40 channels, measurable energy range: 0.8 ∼
168 keV, energy resolution: ∼ several %, and temporal res-
olution: 0.1 ms), which is developed in the Ioﬀe Institute.
It has a compact design of 30 cm × 30 cm with a diamond
like carbon film for ionization, a permanent magnet and
rectangular shaped channneltrons. The typical TESPEL
velocity (500 m/s) brings the spatial resolution of ∼ 5 cm
by the sampling time of 0.1 ms. A typical PCX experi-
ment has been done for plasmas heated by ion-cyclotron
wave heating (ICH), the frequency of which is 38.47 MHz.
In this experiment, a hydrogen minority heating is ex-
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pected. The plasmas are sustained not only the ICH wave
but also the perpendicular neutral beam injection (p-NBI).
Just after the TESPEL injection, the plasma stored energy
Wp slightly decreases and the density increases. TESPEL
reaches ρ (= r/a) = 0.1 in this experiment, which means
the radially-resolved information of the high-energy parti-
cles in the almost whole plasma can be obtained. As shown
in Fig. 3(b), in the case of the ICH oﬀ-axis heating mode
(Rax = 3.6 m, BT = 1.375 T), the high-energy particle flux
measured is increased around ρ = 0.5, where corresponds
to the ICH resonance layer. The radial position of the ICH
resonance layer can be varied by changing the magnetic
field strength. When the magnetic field strength is changed
from BT = 1.375 T to BT = 1.250 T, the ICH resonance
layer is on the magnetic axis (on-axis heating mode) and
its location disappears from the TESPEL trajectory. In-
deed, no significant increment of high-energy particle flux
is observed with the CNPA, as shown in Fig. 3(c). These
experimental results clearly show that the PCX diagnostic
has a good capability of measuring the local high-energy
particle flux in the plasma.
7. Tracer-Encapsulated Cryogenic
Pellet (TECPEL)
The outer layer of TESPEL consists of polystyrene,
that is, hydrogen and carbon. Since the carbon is an im-
purity for the bulk plasma, it should be eliminated for ob-
taining the better condition of diagnostics, such as charge
exchange recombination spectroscopy. In order to get rid
of the carbon from the tracer-encapsulated pellet, a Tracer-
Encapsulated Cryogenic PELlet (TECPEL) has been de-
veloped [18]. The outer layer of the TECPEL consists of
pure solid hydrogen. The TECPEL is formed in-situ in
the gun barrel of the injector, and all the process can be
monitored by a CCD camera with a suitable illumination
and an optical system including a long-focus lens. Fig-
ure 4 shows snapshots of the in-flight TECPELs without
and with a carbon tracer (carbon sphere with a 0.23 mm di-
ameter). The integrity of TECPEL is confirmed from these
photos, which can be taken for every pellet. The TECPEL
injector was installed at LHD in December 2005, and the
preliminary experiments of the TECPEL injection into the
LHD plasmas have been successfully implemented.
8. Summary
As a result of implementing the TESPEL injection
experiments on LHD, the TESPEL injection method pro-
moted strongly the following important issues: (a) Esti-
mation of the impurity transport properties, such as diﬀu-
sion coeﬃcient D and inward pinch velocity V , (b) Under-
standing of the dynamics of the heat transport (the most
interesting example is that core electron temperature rise
Fig. 4 Snapshots of the in-flight TECPELs (a) without and (b)
with a carbon tracer (sphere-shaped with a 0.23 mm di-
ameter) (from figures 8(c)-(d) in [18]).
invoked by the edge cooling due to the TESPEL injection),
(c) Study of the transport properties near and in the mag-
netic island O-point, and (d) Study of the radially-resolved
energy distribution of the high-energy particles with aid of
pellet charge exchange (PCX) process. Furthermore, the
more advanced TECPEL technique has been established,
and the preliminary experiments of the TECPEL injection
into the LHD plasmas have been done in December 2005.
These experimental results show a good diagnostic capa-
bility of TESPEL/TECPEL for investigating the plasma
properties. The authors acknowledge all of the technical
staﬀ of NIFS for their excellent support. This work is sup-
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